Physical and electrical influences on plasma etching on the inside of a microtrench in SiO 2 were numerically investigated using Monte Carlo simulation of ions and electrons with the aid of surface charge continuity and Poisson's equation. When the aspect ratio is greater than seven, the bottom is charged up to a potential sufficient to prevent the influence of all the incident ions, with a realistic initial energy of 300 eV for SiO 2 etching within the period required for monolayer stripping, resulting in etch stop. The cause of etch stop is purely the result of the electrical local charging due to the topography of the trench, and of the initial conditions for incident charged particles. The etch stop caused by a cw plasma will be disorganized or prevented within a short time by the aid of ion-ion plasma in an afterglow phase.
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A number of problems have been identified in achieving high resolution plasma processing for ultralarge scale integrated circuit production. These problems include notching, micro loading ͑reactive ion etching lag͒, etch stop, and aspect ratio-dependent charging, 1 all of which limit production speed and resolution. All of these problems increase with increases in the aspect ratio required in current and future technologies. [1] [2] [3] Three separate effects on plasma etching have been practically identified:
͑1͒ anomalous etching of poly-Si or metal due to electron shading, even though the inside wall of the structure may be equipotential under a high conductivity, ͑2͒ charging damage of the gate oxide which occurs at large antenna ratios while removing silicon from the oxide layer, and ͑3͒ etch stop in high-aspect-ratio contact hole production in dielectric SiO 2 due to local wall charging.
In the case of silicon etching with/without a rear oxide layer, it has been established that charging of the microstructures is the dominant cause of such effects. [4] [5] [6] [7] [8] A number of processes have been proposed to explain high-aspect-ratio induced effects in oxide etching, including the deposition of the polymerized film at the bottom or the combination of etching and deposition at the sidewall. 9 Solutions have been sought in improving plasma chemistry, e.g., by adding oxygen to the standard etching gas mixture. 2 High energy ions with hundreds of electron volts are used in oxide etching by implementing the capacitively coupled reactive ion etching ͑RIE͒ reactor, [10] [11] [12] [13] yet the effects of charging have not been considered in the literature in regard to a comparison of the time constants among surface charging, monolayer stripping, and surface charge neutrality.
In this paper, we apply a Monte Carlo procedure in conjunction with surface charge continuity and Poisson's equation in order to study the growth of local potential inside a microtrench made in dielectric SiO 2 in electron-ion plasma, representing a contact hole, for a wide range of aspect ratios. This is done in order to determine the physical and electrical mechanisms of the etch-stop process in a high aspect ratio structure independently of chemical processes, and in order to provide a surface-charge-neutrality process by using a pulsed plasma technique with a strategy for reducing charging damage. We studied the charging of a fixed microstructure with a variable aspect ratio. It is actually a series of microtrenches and ridges 0.1 m each in width and with variable depth corresponding to aspect ratios in the range from 1.5 to 10. The trench is inside the SiO 2 , and conductive poly-Si is arranged below the oxide layer at the grounded potential. The geometry of the system that is being modeled is shown in Fig. 1 .
One of the assumptions of the model is that the walls are saturated by active radicals so the ion-assisted etching is rate The electrons express isotropic velocity distribution with energies of 3 eV, while ions are directed at a right angle to the surface at an initial energy of 300 eV. Under these interface conditions, the practical etch rate of SiO 2 is 500 nm min Ϫ1 . 2 The starting position for simulation is 0.3 m above the surface in the sheath region.
The trajectories of particles of the order of 10 3 were always followed using the Monte Carlo calculation under a local potential in and on the trench determined with the aid of two-dimensional surface charge continuity and Poisson's equation. The numerical procedure is the same as in our previous model calculation. 14, 15 Fluxes to the walls of the trench were determined in each time step and the wall charge densities were estimated temporally. The resulting potentials were then calculated and the next step of simulation in the revised potential was carried out. We have used 10 nm ϫ10 nm spatial mesh size in x ͑parallel to the surface͒ and z ͑perpendicular to the surface͒ directions.
We have followed the space and time evolution of potentials on the dielectric walls of the trench. The time required to reach the final, stationary value, charge , was typically of the order of a few tens ms. The positive charge due to massive ions was generally deposited at the bottom wall and at the lower end of the sidewall. The negative charge due to light electrons was mainly deposited at the top part of the sidewall. 8 These characteristics are shown in Fig. 2͑i͒ in terms of the development of the surface potential at five different points as explained in Fig. 1 . We can see that the potentials at the bottom of the trench reach the value corresponding to the initial energy of the ions, while the potentials at the sidewalls reach significantly lower values. The energy corresponding to the potential at the top of the sidewall is limited to the value of the order of the initial energy of electrons.
The saturated potentials of the bottom and of the top of the sidewall are shown in Fig. 3 as a function of aspect ratio. The top part of the sidewall potential is independent of the aspect ratio, it is negative, and, as mentioned previously, it is determined by the initial energy of electrons. Increasing the depth of the trench does not significantly affect the electron flux, due to the isotropic and low energy distribution, as those may only reach the top section of the wall. On the other hand, the potential at the bottom is positive and has a much higher value. For small aspect ratios its value increases almost linearly and it is saturated at the aspect ratio of about seven. At that point the ions can no longer reach the bottom wall and the etching stops. The ions are either reflected to the sidewall, causing notching, or back to the plasma. Such development of potential will stop any further progress in etching, and our results are in good agreement with the experimentally determined values of the aspect ratios where etch stop may occur. 16 While we studied the development of potentials in stationary profiles, it is possible to get a dynamic picture of the profile and charging development ͑see Fig. 4͒ . When there is no trench ͑i.e., zero aspect ratio͒, the ion and electron fluxed to the flat surface are determined by the sheath ͑ambipolar͒ field that allows equal fluxes of positive and negative particles in a time-averaged fashion during one period of the bias frequency. For moderate aspect ratios, the shading of electrons produces predominant deposition of electrons on the sidewalls, while ions predominantly reach the bottom of the trench. The field in the vicinity of the upper sidewall, induced by electrons, further reduces ͑even to zero͒ the electrons' chances of reaching the bottom. Thus, more ions reach the bottom of the wall and positive potential starts to build up, while the potential at the upper sidewall is equal to that of the initial electrons. The potential at the bottom diverts the ions toward the corners ͑microtrenching͒ or toward the sidewall ͑notching͒. Consequently, the efficiency of vertical etching in RIE is lowered, anisotropy is reduced, and the quality of the profile is not as good as expected under charging-free conditions. At very high aspect ratios, the positive field at the bottom is sufficiently high to prevent all the ions from reaching the bottom wall, while the electrons are diverted by the potential at the top of the trench. Thus, the total particle flux to a set of trench/ridge system is zero, ions cannot reach the bottom to achieve etching, and electrons cannot reach it to remove the accumulated charge.
In a practical RIE with fluxes of ⌫ p ϭ⌫ e ϭ10 16 cm Ϫ2 s Ϫ1 and an etch rate of 500 nm min
Ϫ1
, a monolayer in SiO 2 is apparently stripped at intervals of hundreds of ms. Under these circumstances, we can predict the relations of the time constant between the charging charge and the monolayer stripping ML etch at very high aspect ratio etching. That is, the local charging will be established before the monolayer stripping of SiO 2 . This means that both the physical and electrical etch stop. By means of pulsed operation of the plasma source, keeping the incident fluxes to the wafer equal, changing the flux system from the positive ion/ electron to the positive and negative ions, and reducing those energies, a charging-free process with a time constant of less than charge will be established in the trench even for the very high aspect ratio etching as shown in Fig. 2͑ii͒ as an example. In particular, the massive negative ions recover the surface neutrality at the bottom ͑a͒ faster than at the lower sidewall ͑b͒, due to the large momentum perpendicular to the bottom.
Our results show that charging may become the sole cause of etch stop and of other associated problems in highaspect-ratio oxide etching. This is a purely physical mechanism and it is simpler than the chemical ones proposed in the literature. It is interesting to note that the aspect ratios where etch stop occurs, obtained by the present simulation, are in very close agreement with the available experimental results. 16 It is possible that both the chemical and physical mechanisms may express themselves at the same time. The mechanism presented here is the ''limiting'' one as it is dependent only on the geometry and on the initial conditions. The more complex plasma chemistry may lead to a different type of ion giving different plasma potentials, or may allow conductive deposition ͑at the bottom͒ or redeposition ͑at the sidewalls͒, both making the whole process much more complex.
The etch stop in SiO 2 caused by cw plasma etching will be recovered within a short time by means of a charging free process using ion-ion plasma in an afterglow phase of pulsed plasma. It is of great importance to fully understand the causes of etch stop and other problems in oxide processing, since the contact hole is the critical dimension defining the limiting resolution, and since only complete knowledge will allow us to develop comprehensive schemes to avoid problems due to charging.
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